the absorption features in mineral and soil spectra (Beck et al., 1976; Condit, 1970; Obkuhov and Orlov, 1964) .
H igh salinity adversely affects biological functions are generally smoother than nonsaline surfaces, giving in ecosystems and causes degradation of soil and higher reflectivity. Sulfate and chloride salts in dry soils water resources (Tanji, 1990 (Tanji, , 1996 Sumner and Naidu, can be distinguished with middle infrared wavelengths 1998; Sumner, 2000) . Estimates indicate that salt-af- (Metternicht and Zink, 1997; Mougenot et al., 1993 ; fected soils occupy 1 billion ha, or 7.7% of the earth's Howari et al., 2000a,b,c) . Metternicht and Zink (1997) surface (Massoud, 1990) . Irrigated lands are subject to found that absorption bands of soil surfaces containing salinization, and according to the International Soil RefCaSO 4 ·2H 2 O were distinguishable from a halite absorperence and Information Center (1990) , as much as 1.7 tion band. In their study, nonsaline and slightly saltmillion ha per year worldwide are affected. Degradation affected areas were not recognizable from each other. of riparian zones due to salinization is also emerging as Howari et al. (2000a,b,c ) used a portable spectroradioman environmental issue (Busch and Smith, 1993; Briggs, eter to examine spectral properties of evaporites formed 1996; Glenn et al., 1998) . To manage salts in these enviin Petri dishes, and found that the prominent peaks of ronments, it is desirable to have a rapid and cost-effecthe examined salts did not overlap (Fig. 1) . However, tive method of identifying and mapping salt-affected it is yet to be proved if laboratory-determined spectral lands on a large field scale.
properties of salt crystals and evaporites apply directly Saline soils usually have high concentrations of Na ϩ , to salt crusts formed on soil surfaces in the natural Mg ϩ2 , Ca ϩ2 , Cl Ϫ , and/or SO Ϫ2 4 in soil solutions. These world. This work was conducted to determine spectral ions, upon evaporation, form salt crusts and efflorescharacteristics of salt crusts formed on soils. Spectral cences on the surface of the soil. Soil scientists identify properties of crusts having mixtures of multiple salt these soils by several methods, such as aerial photography, electrical resistivity, and electromagnetic methods species were also examined. (Everitt et al., 1988; Rhoades and Miyamoto, 1990; Mougenot et al., 1993) . Reflectance spectroscopy of salt-MATERIALS AND METHODS affected lands uses the physics of the atomic and molecu- Additional properties are given in USDA (1971) and Miyamoto (2000) . Soil samples were crushed with a rubber hammer Published in J. Environ. Qual. 31:1453 -1461 (2002 . and air-dried. Harkey soil samples were passed through a
Reflectance Measurements
1-mm screen; Vinton samples through a 2-mm screen. Before initiating spectral tests, a GER (Millbroke, NY) Saline solutions were prepared by adding analytical-grade 3700 spectroradiometer was calibrated by mounting it on a salts (CaSO 4 ·2H 2 O, NaCl, NaHCO 3 , CaCO 3 , and Na 2 SO 4 ) to stand to measure the reflectance of its special calibration distilled water at 500, 1000, and 1500 mmol c L
Ϫ1
. In addition, board. The results were compared with standard curves. The nine different saline solutions were prepared by mixing the reference and target samples were placed to completely fill 500 mmol c L The spectral data from the experiments were studied by comwas standardized by leaching the soil samples with a 500 mmol c puterized peak picking and analysis techniques with Spec-L Ϫ1 saline solution. The soil samples (100 g each) were placed view (Jet Propulsion Laboratory and United States Geological in a funnel lined with filter paper and leached with 1000 mL Survey, 1992) and Excel software packages, and based on of the same solutions. The samples were air-dried, crushed visual spectral analogy with the salt and soil reflectance curve again, and sieved through a 1-mm screen for the Harkey soil classifications of Condit (1970), Stoner and Baumgardner and a 2-mm screen for the Vinton soil. The soil samples were (1981), Crowley (1991) , Csillag et al. (1993) , Drake (1995) , and then placed in Petri dishes (10 cm in diameter) for addition- Clark (1999) . al treatment. Original fractions of the soil samples (100 g)
The average recorded standard deviation and standard erwithout conditioning were used as reference or background ror of the spectral readings of the same sample were 8.4 ϫ 10
Ϫ3
samples. and 1.84 ϫ 10 Ϫ3 nm, respectively. For the replicate samples, the average recorded standard deviation and standard error were 0.319 and 0.0438 nm, respectively.
Salt Crust Preparation and Observation
Subirrigation was performed by placing the soil samples on tion showed under the microscope to be transparent
The prepared samples were studied by optical microscope for to translucent halite crystals with vitreous luster. The crystal identification and for optical properties (Ehlers, 1987; Nesse, 1991; Shelley, 1985) .
crystals were white to colorless, cubic crystals (Fig. 2) . The soils treated with CaSO 4 ·2H 2 O solutions formed and 4). Pure halite itself cannot induce absorption bands in the visible and near thermal infrared (Hunt et al., white, transparent to translucent, gypsum crusts. The crystals examined had prismatic, curved, or twisting mo1971a,b; Mougenot et al., 1993) . Water bands (1400, 1900, and 2250 nm) were observed in the spectra of noclinic shapes, with vitreous luster, and also appeared as earthy, foliated, or granular masses. The crystals had halite crusts (Fig. 4) due to moisture and fluid inclusions, and those are the dominant absorption features of hagood cleavage in one direction. The samples were white to colorless with some elongated fibrous crystals (Fig. 2) .
lite. Similar results were found in Hunt et al. (1971a) , Mulders (1987) , and Mougenot et al. (1993) . The soils treated with sodium bicarbonate formed brown to gray monoclinic crystals of nahcolite that had vitreous, transparent to translucent crystals with perfect Gypsum (CaSO 4 ·2H 2 O) cleavage. The soils treated with sodium sulfate typically
The spectrum of the Harkey soils treated with the formed gray to brownish white, orthorhombic crystals of CaSO 4 ·2H 2 O solution had strong absorption features at thenardite. The soils subirrigated with CaCO 3 solution 1023, 1225, 1779, and 2336 nm, and even stronger ones formed white rhombohedral calcite crystals, with light at 1457, 1865, and 1988 nm. The Vinton soil samples colors. The crusts were very fine aggregates of crystals (Fig. 2) , and exhibited significant double refraction.
Spectral Reflectance of Crusts with Single Salts
The reflectivity of salt crusts formed on the soils increased with increasing concentrations of saline solutions used. Examples are shown in Fig. 3 for the crust consisting of NaHCO 3 . However, the concentrations of the solutions did not affect the absorption features, thus the data from the solution concentrations of 500 mmol c L Ϫ1 are reported here. The absorption features observed are summarized in Table 1 .
Halite (NaCl)
The spectra of Harkey and Vinton soils treated with the NaCl solution and the spectra of the untreated soils are shown in Fig. 4 . The halite spectrum is similar to the spectral pattern of the untreated soils, as they are parallel to each other. However, halite-affected soils imparted higher reflectivity than the untreated soils. The spectral pattern of the soil treated with NaCl solu- tion is similar to the spectral pattern of pure halite ( Fig. 1 with gypsum crusts had several portions of the spectrum findings by Stoner and Baumgardner (1981) . The spectra of the soils treated with CaSO 4 ·2H 2 O solutions were that exhibit distinct absorption features. These features were at 1204, 1234, 1457, 1768, 1865, 1978, 2103, and similar to the spectra of gypsum ( Fig. 1 and 4) . In gypsum the overtones or combination tones from fundamental 2236 nm (Fig. 4) . Those absorption features were consistent with those reported by Hunt et al. (1971a) , Mulders vibrations of the water molecules produced a series of bands affecting the infrared spectrum between 1000 and (1987), and Mougenot et al. (1993) . Gypsum-affected soils imparted higher reflectivity than the nonsaline soils 2500 nm (e.g., 1464, 1550, 1750, 1978 , and 2300 nm), and can be detected in the spectra of gypsum crusts (the background soils), and this is consistent with earlier (Fig. 4) . However, the most dominant absorption features occurred at 1464, 1750, and 1978 nm; in addition, two small peaks maintain consistency in appearance at 1755 and 1865 nm. These findings are in agreement with the earlier findings of Hunt et al. (1971a,b) , Hunt (1982) , Clark (1999) , Mulders (1987) , and Mougenot et al. (1993) .
Nahcolite (NaHCO 3 )
The spectra of soils treated with NaHCO 3 solutions and the spectra of the untreated soils are shown in Fig. 4 . The spectra of the Vinton soils treated with NaHCO 3 solution had absorption features at 1199, 1334, 1472, 1997, and 2170 nm ( Fig. 4; Table 1 ). The spectra of the Harkey soils treated with NaHCO 3 solution had absorption features at 1023, 1334, 1472, and 1997 nm (Table 1) . However, the most dominant absorption features of nahcolite crusts occurred at 1334, 1472, and 1997 nm. The reflectance of nahcolite sharply decreased in the wavelength range of 1199 to 2170 nm. All of these absorption features are presumably related to vibrational overtones or combination tones of the water molecules and of the HCO Ϫ2 3 ion. However, the broad nature of the absorption features of the soils treated with sodium bicarbonate could be due to the network of sym- metrical H-bonds between carbonate ions. The maxi- mum reflectance of the Harkey soils treated with sodium ity of the thenardite crust evolved from that solution (Fig. 3) . bicarbonate ranged from 35 to 42%, whereas the maximum reflectance of the Vinton soils treated with sodium bicarbonate ranged from 32 to 46% (Fig. 4a,b) . These
Spectra of Crusts with Multiple Salts
values were higher than reflectance values of the untreated soils.
Halite and Gypsum (NaCl and CaSO 4 ·2H 2 O)
The spectra of salt crusts consisting of halite and gypThenardite (Na 2 SO 4 ) sum are shown in Fig. 5 . The most noticeable features in this system are located around 1450, 1750, and 1950 The Harkey soils treated with Na 2 SO 4 solutions had absorption features at 1225, 1450, 1988, and 2075 nm nm. The absorption feature at 1865 nm was useful to differentiate between Vinton soils treated with solutions ( Fig. 4; Table 1 ), whereas the Vinton soils treated with Na 2 SO 4 solution had absorption features at 1234, 1486, of CaSO 4 ·2H 2 O (100%) and solutions of NaCl (100%), and Harkey soils treated with solutions of CaSO 4 ·2H 2 O 1800, 1988, and 2103 nm (Fig. 4) . The absorption features in the soils treated with Na 2 SO 4 are due to water (100%) and CaSO 4 ·2H 2 O (75%) and NaCl (25%) ( Table 1) . Between 400 and 700 nm it is difficult to molecules of fluid inclusions. The spectral pattern of thenardite crusts is similar to the spectra of pure thedifferentiate between the spectral patterns of the treated soils with CaSO 4 ·2H 2 O-NaCl solutions. The differences nardite ( Fig. 1 and 4) . As the concentration of Na 2 SO 4 increases in the treatment solution, so did the reflectivin the reflectance values of the spectra of the Harkey and Vinton soils treated with mixed solutions of NaCl nahcolite. The primary differences of the absorption and CaSO 4 ·2H 2 O were most pronounced between 700 and features of this system were observed at 1033 and 1997 1700 nm and 750 and 2000 nm. In this latter range nm, but were minimal at 1472 nm ( Fig. 7 ; Table 1 ). the most frequent absorption features occurred at 1464,
The most frequent absorption features were recorded 1750, and 1890 nm ( Fig. 5; Table 1 ). In the 500-to 2500-at 1033, 1334, 1472, 1677, 1977 , and 2170 nm for Harkey nm range, most of the reflectance values of Vinton soils soil, and at 1199 Vinton soils soil, and at , 1334 Vinton soils soil, and at Ϯ 2, 1479 Vinton soils soil, and at , 1677 Vinton soils soil, and at , 1988 , and 2170 treated with the solutions of 25% CaSO 4 ·2H 2 O and 75% nm for Vinton soil. A consistent, sharp decrease in the NaCl lie outside those of the end members (Fig. 5) .
reflectance value was observed from 1199 to 2170 nm.
Thenardite and Gypsum (Na 2 SO 4 and CaSO 4 ·2H 2 O)
DISCUSSION
The spectra of the crusts consisting of thenardite and Reflectivity of the treated Harkey soil was higher gypsum were dominated by the spectra of thenardite (Fig. 6) . Reflectance from thenardite increased with than the reflectivity of treated Vinton soil (Fig. 4) . Hargypsum additions up to 25%, and it decreased with key soil has a finer texture than Vinton soil; therefore, additional applications. The two characteristic peaks of Harkey soils tend to have finer salt crystals and brighter gypsum did not appear even at gypsum molar fractions surfaces than the relatively coarse-textured Vinton soil. as high as 75%. The dominant absorption features of salt
Smoother surfaces of Harkey soil may cause less shadcrusts consisting of Na 2 SO 4 and CaSO 4 ·2H 2 O occurred at owing by particles on the surface. Reports state that fine-1236, 1457 Ϯ 37, 1997, and 2075 nm for Harkey soil, grained crystals reflect more light than coarser grained and at 1476 Ϯ 10, 1800, 1988, and 2017 nm for Vinton (Vincent, 1997; Clark, 1999; Howari, et al., 2000a,b,c) . soil (Table 1) .
Spectral identification of different types of salts present in the crust is easiest if the crust consists of single Nahcolite and Calcite (NaHCO 3 and CaCO 3 )
salts. Crusts consisting of nahcolite (NaHCO 3 ), for example, can be identified by the sharp decline in reflecThe spectra of crusts consisting of nahcolite and calcite were dominated by the spectral contribution of tance as the wavelength increases from 1199 to 2170 mm ( Fig. 4 and 7) . The slope of the spectrum of the nahcolite with gypsum solutions (Fig. 4 and 5) . In some cases the spectral pattern of single pure salts and crusts of the crust can be considered diagnostic, because no other spectra investigated here exhibit such a pattern. Crusts same chemical compounds might be slightly different due to the grain size effects (Fig. 4) . Although any two consisting of gypsum (CaSO 4 ·2H 2 O) can be identified by the three dominant spectral features, which appear salts may well have one or more absorption features in similar positions, the slight shift in wavelengths, spacing at 1464, 1750, and 1978 mm. However, some of these absorption features also appear in thenardite (Na 2 SO 4 ), size, and shape of these features mean that their spectra can be diagnostic at least in terms of other minerals thus the distinction between gypsum and thenardite may be difficult unless other dominant spectral features can found in soil and evaporitic environments, and can be an advantage for the identification of salt spectra. be identified. It would not be easy to identify a crust consisting of halite, as its reflectance had no distinguishSpectral identification of salt crusts consisting of multiple salts cannot be made with an assumption that salt able features. Calcite (CaCO 3 ) can be identified by the presence of absorption features at 1052, 1479, and 2100 crusts are a homogenous substance. In the case of the saline solutions consisting of NaHCO 3 and CaCO 3 it is nm. The absorption features around 900 nm could be due to iron oxide (Clark, 1999) . The following order most likely that CaCO 3 has never dissolved completely. The spectra of the multiple salt crusts in this case are of ability to distinguish the soils treated with salts is suggested based on the shapes of the spectra patterns similar to nahcolite, suggesting that CaCO 3 precipitated first and then NaHCO 3 . In the case of saline solutions and dominant absorption features (Fig. 1, 3, 4 , 5, 6, and 7; Table 1 ): nahcolite Ͼ gypsum Ն thenardite Ͼ calcite Ͼ consisting of Na 2 SO 4 and CaSO 4 ·2H 2 O, evaporation of the solution first causes preferential precipitation of Cahalite. The shape and depth of the absorption features of the soils treated with salts are different from those SO 4 ·2H 2 O. The crusts are thenardite formed on the precipitated gypsum, thus masking out the gypsum spectra. soils without treatment. Features increase as the soil is treated with salts, as can be observed in soils treated
The crusts formed from the saline solutions consisting of NaCl and CaSO 4 ·2H 2 O contained gypsum crystals, gypsum, nahcolite, and thenardite are found as an end member in treatment solutions consisting of multiple thus presenting the spectral pattern of gypsum. When the CaSO 4 ·2H 2 O content is low (e.g., lower than 25%), salts, their primary diagnostic features appear in the spectra of salt crusts evolved from that solution. the surface of the crusts consisted of halite developed on gypsum. In this case, spectral contribution of halite eclipses the spectral features of gypsum.
